Age-related macular degeneration (AMD) is the leading cause of blindness in elderly patients. The more aggressive exudative form is characterized by abnormal bloodvessel development that occurs beneath the retina as a result of choroidal neovascularization (CNV). Vascular endothelial growth factor (VEGF) has emerged as the key mediator of CNV formation; this has led to intensive research on VEGF and the recent approval of anti-VEGF compounds by the US Food and Drug Administration. Despite this successful introduction of anti-angiogenic therapies into the clinical setting, there is still a lack of treatments that definitively reverse damaged vision. Here, we consider the importance of putative molecular targets other than VEGF that might have been underestimated. Emerging cellular mechanisms offer additional opportunities for innovative therapeutic approaches.
Age-related macular degeneration Age-related macular degeneration (AMD) is a leading cause of vision loss in the western world among people aged 50 or older [1] . Ninety per-cent of all vision loss due to AMD results from the exudative form, which is characterized by choroidal neovascularization (CNV), defined as newly formed blood vessels arising from choriocapillaries. The choroid is the vascular layer lying between the retina and the sclera. Exudation of fluid and hemorrhage into the sub-retinal space from hyperpermeable capillaries lead to retinal local detachment and retinal photoreceptor damage, which, in turn, lead to the formation of a disciform scar. The earliest clinically detectable abnormality in AMD, however, is not the consequence of pathological angiogenesis but is the accumulation of abnormal lipoproteinaceous deposits ('drusen') in the extracellular matrix between the retinal pigment epithelium (RPE) and Bruch's membrane [2] .
Etiological research suggests that AMD is a complex disease caused by interactions of multiple gene products and environmental factors. Familial aggregation studies, twin studies and segregation analyses have provided strong evidence for AMD heritability [2] . Among several disease-causing genes, complement factor H (CFH) and HtrA serine peptidase 1 (HTRA1) have recently been identified as major AMD-susceptibility genes [3] [4] [5] .
Age-related changes that induce pathologic neovascularization are incompletely understood. However, vascular endothelial growth factor (VEGF)-A, a diffusible growth factor that promotes angiogenesis (the sprouting of endothelial cells from preexisting vasculature) and vascular permeability [6] , has emerged as a potent angiogenic factor involved in CNV formation. VEGF has, therefore, been the focus of significant research attention, which has led to the development of different strategies aimed at blocking VEGF or VEGF receptors [6] (Table 1 ). The first anti-VEGF compound, pegaptanib (Macugen 1 , Eyetech), an aptamer that specifically blocks the 165 amino acid isoform of VEGF, was approved by the US Food and Drug Administration (FDA) for exudative AMD treatment in 2004 [7] . This achievement validated angiogenesis as an important target for AMD [6] . Administration of bevacizumab (Avastin 1 (which was already approved for colic cancer treatment) that binds and inhibits all biologically active forms of VEGF-A [9] . Monthly intravitreal administration of ranibizumab arrests the growth of neovascular membrane, prevents severe vision loss in 90% of patients and improves visual acuity in 30% to 40% of patients; it therefore represents a substantial advance against AMD [10] in comparison to previous treatments. Initial pharmacologic CNV treatment consisted of verteporfin (Visudyne 1 ) photodynamic therapy (PDT), which can slow the progression of vision loss but is usually not associated with a gain in visual acuity [11, 12] (Table 1) .
This successful application of anti-VEGF approaches in the clinic is obviously a turning point in AMD treatment. Nevertheless, despite such important advances, critical issues remain to be addressed. For instance, how do we select patients that are most likely to respond to treatment? Is it possible to decrease the frequency of intravitreal injections by combining anti-angiogenic agents with PDT, conventional laser treatment or another therapy? In addition, because the necessary duration of treatment with anti-VEGF inhibitors is presently unknown, putative longterm local or systemic side effects or progressive appearance of resistance to anti-angiogenic therapy cannot be excluded [6, 13] . Furthermore, the current VEGF-centered research might have overlooked other valuable molecular targets. The present review will only focus on choroidal (sub-retinal) angiogenesis, the main feature of exudative AMD. Our main purposes are to summarize recent studies aimed at identifying key molecules involved in CNV and to evaluate issues that need to be addressed before anti-angiogenic approaches to AMD can make further substantial advances.
CNV studies: the need for adequate experimental models Initial studies on CNV in AMD consisted mainly of mRNA and protein-level analyses of surgically excised human choroidal neovascular membranes in comparison to intact choroids. Animal models represent important tools for elucidating cellular and molecular mechanisms involved in CNV pathogenesis and for the screening of new drugs. At present, the laser-induced Bruch's membrane photocoagulation model is the most widely accepted and most frequently utilized experimental murine CNV model. It relies on laser injury to fracture Bruch's membrane, thus leading to blood-vessel recruitment from the choroid, and it captures many important features of human AMD [2, 14] . This murine CNV model offers the possibility of unraveling the molecular mechanisms of CNV by using a set of recently generated transgenic mice. Two models that exhibit the spontaneous development of drusen, diffuse sub-RPE deposits and CNV have recently been described in senescent animals: knock-in mice with human apoliprotein E-allele maintained under a highfat diet [15] and superoxide dismutase 1 (SOD1 À/À ) knockout mice [16] . Although these spontaneous models unravel important physiologic pathways involved in neural retina degeneration, the present review will mainly consider the earliest AMD models produced by laser injury of Bruch's membrane; a model that is focused on CNV induction and that has proven valuable for testing anti-angiogenic treatments [2] .
Inflammation, angiogenesis and vasculogenesis in CNV CNV is a complex tissue composed of vascular components (endothelial cells, circulating endothelial cells and pericytes) and extravascular cells (inflammatory cells, myofibroblasts, glial cells and RPE) [17] . Inflammatory processes, including immune-complex deposition, complement activation and inflammatory cell infiltration, have been proposed as important mediators of CNV pathogenesis. Inflammatory cells are potent initiators of angiogenesis, in part through their ability to release a set of pro-angiogenic factors. Neutrophils, the most dominant infiltrating leukocyte population in early stages of inflammation, can initiate a complex cascade that leads to a complete inflammatory response [18] . Neutrophil depletion induced by an anti-murine neutrophil-antibody injection reduced CNV formation [19] . Similarly, pharmacological-macrophage depletion reduced the size and leakage of laser-induced CNV and was associated with decreased VEGF production, suggesting a role for these cells as producers or regulators of angiogenic factors [20] . The important contribution of macrophages in CNV formation is further supported by the phenocopy of AMD observed in senescent mice deficient for monocyte chemoattractant protein-1 (Ccl-2, also known as MCP-1) or its chemokine receptor (Ccr-2), which both induce defects in macrophage mobilization [21] . Bone marrow (BM)-transplantation studies revealed that recruitment of blood-derived macrophages, more than resident microglia, seems to be associated with CNV [22] . A fascinating area of research in the field of angiogenesis emerged from the discovery of endothelial progenitor cells (EPCs) in adult BM. It is now more and more accepted that new blood-vessel formation in post-natal events not only relies on angiogenesis, but also on vasculogenesis, the recruitment and differentiation of BM-derived angioblasts into mature endothelial cells. EPCs and hematopoietic progenitor cells (HPCs) are both recruited from BM and contribute to CNV [23, 24] . When injected systemically into adult mice, BM-derived cells incorporated into experimentally induced CNV [24] . Engraftment of irradiated C57Bl/6 mice with BM issued from green fluorescent protein (GFP)-transgenic mice led to detection of GFP-positive cells (macrophages, endothelial cells and vascular smoothmuscle cells) in CNV [23] . More recently, hematopoietic stem cells (HSCs) were also shown to differentiate into cells expressing markers specific for astrocytes and RPE [25, 26] .
Key molecular pathways in CNV Abnormal vascularization results from shifts in the finely balanced equilibrium between the pro-angiogenic and antiangiogenic factors that normally regulate angiogenesis. Therefore, initial studies on angiogenesis in CNV were mainly focused on growth factors such as angiogenic factors and endogenous inhibitors. In addition, genes involved in matrix remodeling and endothelial cell migration, including matrix metalloproteinases (MMPs) and the plasmin system, have been reported as crucial in angiogenesis [27] .
VEGF pathway
The VEGF family consists of six growth factors (VEGF-A, -B, -C, -D, and -E and placental growth factor, or PlGF) that bind three distinct tyrosine kinase receptors: VEGF-R1 (Flt-1), VEGF-R2 (Flk-1, or KDR) and VEGF-R3 [28] . VEGF-A is a primary stimulator of angiogenesis and is produced by a wide variety of tissues. Alternative exon splicing leads to the production of six VEGF-A isoforms that are characterized by their respective number of amino acids: VEGF121, VEGF145, VEGF165, VEGF165b, VEGF183, VEGF189 and VEGF205 [29] . All VEGF-A splice forms bind to VEGF-R1 and VEGF-R2, whereas PlGF and VEGF-B bind only to VEGF-R1. Most signal transduction through VEGF-A is mediated by VEGF-R2. However, VEGF-R1 displays weak tyrosine kinase activity and is a potent regulator of VEGF-R2 activity [30, 31] . VEGF-R3 binds VEGF-C and VEGF-D, which are both regulators of lymphangiogenesis [32] . VEGF-R2 is expressed at the surface of EPCs and is involved in their mobilization during vasculogenesis [33] . PlGF promotes the recruitment and mobilization of HSCs that express VEGF-R1 from marrow to blood circulation [34, 35] (Figure 1) .
VEGF-A has received considerable attention [29] . Its expression is increased in laser-induced CNV, and blockage of either VEGF-receptor phosphorylation or VEGF expression by small interfering RNA (siRNA) inhibits CNV formation [36, 37] . Transcriptional regulation of VEGF-A is mediated by hypoxia-inducible transcription 
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response element (HRE) in the VEGF promoter. Mice in which HRE is deleted from the VEGF promoter (VEGF d/d mice) showed a dramatic reduction of laser-induced CNV [38] .
VEGF bioavailability is at least partially regulated by its sequestration in the extracellular matrix and/or interaction with membrane-associated VEGF receptors or truncated soluble VEGF receptors (sVEGFR). VEGF-R1 might serve as a 'decoy' receptor that regulates the amount of free VEGF in extracellular space [39] . In addition, soluble VEGF-R1 (sVEGFR-1, or sflt-1), an alternative spliced, secreted form of VEGF-R1, has the same ligand-binding affinity as the full-length membrane-associated receptor and can function as a trap for secreted VEGF-A. Interestingly, cornea, an avascular tissue, expresses VEGF-A but the presence of this pro-angiogenic molecule is counterbalanced by significant sflt-1 expression, whereas absence of sflt-1 induces corneal neovascularization [40] . Despite VEGF's implications for CNV development, isolated overexpression of VEGF is not sufficient per se to induce sub-retinal neovascularization. Transgenic mice with targeted VEGF surexpression in RPE did not show CNV [41] or display intrachoroidal neovascularization that did not reach the sub-retinal area because Bruch's membrane remained intact [42] . These data underline the importance of Bruch's membrane under normal conditions and the consequences of its degradation during the CNV process. VEGF-A is unlikely to be the unique CNV stimulatory factor. Indeed, other VEGF family members such as VEGF-B, -C, and -D and PlGF have been detected in human choroidal neovascular membranes [43] . PlGF deficiency or PlGF-receptor neutralization (by injection of an anti-Flt-1) both reduced the incidence and severity of laser-induced CNV [44] . PlGF might exert its pro-angiogenic effect through multiple actions, including chemoattraction of BM-derived cells [34, 35, 45] . Implication of other angioregulators, such as fibroblast growth factor (FGF), angiopoietins [46] and ephrins [47] , is expected but less well documented.
Based on accumulating evidence for a key role of VEGF in pathological angiogenesis, several pharmacologic approaches to inhibiting the VEGF axis have been designed; these have ranged from very specific strategies (such as inhibition of VEGF165 by pegaptanib) to very broad strategies (such as inhibition with tyrosine kinase inhibitors) (Table 1, Figure 2 ). components (endostatin, tumstatin, endorepellin) [48] , thrombospondin-1 (TSP-1) [49] and pigment epitheliumderived factor (PEDF) [29] . Expression of endostatin [50] , PEDF [51] or TSP-1 [49] is significantly decreased in AMD patients' eyes compared to those of healthy people with no clinical sign. PEDF inhibits endothelial-cell migration in vitro and is much more effective than endostatin and TSP-1. PEDF is considered one of the most powerful antiangiogenic proteins in humans [29] , and adenoviralmediated intra-ocular delivery of PEDF reduced CNV formation [52] . A critical balance between VEGF and PEDF is likely to play a key role in maintaining the homeostasis of human retinas and in preventing CNV development. However, PEDF effects on CNV are complex. In laser-induced CNV, PEDF caused dose-dependent opposing effects; the effects were inhibitory at low doses but stimulatory at high doses [53] , raising evident issues for clinical application.
Endogenous inhibitors of CNV Several endogenous physiological inhibitors of angiogenesis have been identified and include fragments of matrix
Proteases, tissue remodeling and cell recruitment Cell migration and tissue remodeling associated with pathological angiogenesis are regulated by different proteolytic systems, including MMPs and serine proteases of the plasmin system [27] . Urokinase-type (uPA) and tissue-type (tPA) plasminogen activators are serine proteases that are both able to convert plasminogen into active plasmin and whose activities are inhibited by plasminogen-activator inhibitor type-1 (PAI-1). Plasmin is a broadly acting enzyme that degrades extracellular-matrix proteins and activates pro-MMPs and growth factors. MMPs constitute a family of at least 24 zinc-dependent, neutral endopeptidases controlled by tissue inhibitors of MMPs (TIMPs) [54] . The growing complexity of MMPs is indicated by the number of substrates and the diversity of their functions in various biological processes. Aside from degrading matrix components, MMPs act as processing enzymes that perform highly selected and limited cleavage of substrates, including growth factors and their receptors, cell-adhesion molecules, cytokines, chemokines, apoptotic ligands and angiogenic factors [54, 55] .
In choroid and retina, TIMP-3 is synthesized by RPE cells, which are found in Bruch's membrane, and has been reported to inhibit angiogenesis in vivo and in vitro [56] . It is worth noting that mutations in the TIMP-3 gene have been detected in patients with Sorsby fundus dystrophy, a rare dominantly inherited disease characterized by CNV and sub-retinal hemorrhages [57] . Although the mechanism by which mutations give rise to the disease phenotype is unknown, mutations might render TIMP-3 resistant to degradation and thus lead to its accumulation [57] .
Expression of tPA, uPA, uPAR, MMP-2, MMP-9 and their inhibitors (PAI-1 for plasminogen activators and TIMPs for MMPs) has been detected both in choroidal neovascular membranes surgically extracted from patients with exudative AMD and in laser-induced CNV in mice [58, 59] . Wild-type control mice and uPAR-deficient mice exhibited a robust choroidal angiogenic response. However, CNV did not develop in uPA-, tPA-, Plg-or PAI-1-deficient mice, thus demonstrating the contribution of the plasmin system in CNV [27, 58] . Paradoxically, PAI-1, through its anti-proteolytic activity, appears to be a key regulator of CNV; it exhibits pro-angiogenic effects at physiological concentrations and anti-angiogenic actions at pharmacological concentrations [60] .
Mice deficient for either MMP-2 [61] or MMP-9 [18] had impaired CNV formation. Interestingly, a synergistic effect of MMP-2 and MMP-9 during the CNV process is supported by the reduced CNV observed in mice deficient for both MMP-2-and MMP-9 compared to mice with only one deletion [62] . MMP-9 is likely to participate in the release of matrix-bound VEGF and in the mobilization of BMderived cells through soluble sKitL release in BM [55, 63] . In accordance with the contribution of MMP-2 and MMP-9 to CNV, adenoviral delivery of TIMP-1 or TIMP-2 and synthetic MMP inhibitor inhibited laserinduced CNV [55, 62] . However, these inhibitors have not yet been tested in the clinic.
Implications of current progress in CNV therapies
Pathological (tumoral and choroidal) angiogenesis is currently inhibited by anti-angiogenic agents that directly affect endothelial cells by targeting the VEGF pathway. However, despite promising successes in selected populations, targeting only VEGF and endothelial cells might not be sufficient to definitively halt, prevent or even slow down CNV progression in all patients. In addition, because anti-angiogenic treatments are likely to be delivered for an undetermined period of time, the local and systemic safety of these drugs is obviously an important challenge. Although we have not discussed here the non-angiogenic properties of VEGF, recent experimental data suggest that VEGF is a critical survival factor for retinal neurons [64] . Studies and clinical trials in cancer have also raised critical questions about how anti-angiogenic agents should be used [65] . Experience gained in these trials suggests the development of resistance against anti-angiogenic treatments [13] . Does this also hold true for CNV treatment, and can we prevent it? (Box 1).
Inhibition of a single molecular target such as VEGF can lead to upregulation of one or several angiogenic factors [13, 65, 66] . For instance, it is worth noting that PlGF, a potent CNV modulator [44] , is upregulated after anti-VEGF therapy in cancer patients [65] . In the eye, upregulation of VEGF expression has been demonstrated after photodynamic therapy [67] . What will be the impact of long-term angiogenesis inhibition in CNV? Anti-VEGF strategy is focused on endothelial cells, but BM-derived cells can be recruited independently of VEGF, at least
Box 1. Outstanding questions
What will be the impact of long-term inhibition of VEGF in AMD? Will this lead to local or systemic side effects or the acquisition of resistance, as in cancer therapy? What is the best way to inhibit the VEGF pathway in exudative AMD? Which other angiogenic molecules should be targeted, and should they be targeted alone or in combination with VEGF? Is there interest in using BM-derived cells in AMD, either as an anti-angiogenic tool or as a method to reconstitute the damaged tissues?
Review TRENDS in Molecular Medicine Vol. 13 No.8 through PlGF action [34, 35] , and still participate in CNV formation. Therefore, redundance or functional overlapping between several angiogenic factors and recruitment of BM-derived cells are mechanisms that could account for resistance acquisition in long-term treatment. Strategies for delaying, minimizing or avoiding resistance to antiangiogenic treatment should be urgently explored so that the promising benefit of anti-angiogenic therapies in CNV can be increased.
One of the challenges for the next decade is developing novel anti-angiogenic compounds (Box 1). In addition to VEGF, PlGF appears to be a key player in CNV in the laser-induced murine model [44] . PlGF and its receptor VEGF-R1 have been largely underestimated as possible targets for treating angiogenesis-driven diseases, but they gained significant attention because of their implication in pathological angiogenesis and inflammation [39] . PlGF differs from VEGF because it is implicated only in pathological angiogenesis and not in healthy conditions [45, 68] , and this suggests an attractive safety profile for anti-PlGF or anti-VEGF-R1 drugs. Other attractive targets might include other growth factors, such as FGFs, plateletderived growth factor (PDGF) and proteases (MMPs and serine proteases) [69] .
Another important issue is the optimization of combinatorial treatment. Increased treatment efficacy is likely to be achieved through combined use of anti-angiogenic agents with different complementary mechanisms of action that target different angiogenic factors (VEGF, PlGF, PDGF, FGF, proteases) and/or through the targeting of not only endothelial cells but also other cellular actors, such as inflammatory cells and perivascular cells. Different combination approaches are being considered [17] . Verteporfin-based PTD combined with pegaptanib or ranibizumab illustrates this concept [70] . Other possible combinations include the use of anti-VEGF with, for instance, protease inhibitors [62] , angiostatic steroids such as anecortave acetate [71] or more classical anti-inflammatory corticosteroids such as triamcinolone [72] .
The demonstration that BM-derived cells are recruited to specific sites of neovascularization paves the way for novel innovative approaches. Homing and adhesion of BM-derived cells to CNV could be targeted to prevent CNV. Blocking homing signals (through the antibody to stromal-derived factor-1 (SDF-1)) and endothelial-specific attachment factor (through the antibody to CD144) has provided a proof of concept [73] . An alternative novel option for therapeutic intervention is a 'Trojan horse approach' that uses engineered BM-derived cells as a delivery vehicle for anti-angiogenic agents. It should be pointed out that current drugs are artificially targeted to the retina by intravitreal injection, which is sometimes associated with serious side effects such as endophthalmitis [7] . Therefore, genetic manipulation of BM-derived cells might open new avenues for the specific delivery of anti-angiogenic molecules to abnormal vascular sites. It is, however, necessary to define the better subset(s) of BM precursors or stem cells that can be used as targeted gene vehicles and to identify the cellular and molecular mechanisms involved in their recruitment to specific neovascular sites.
Concluding remarks
Anti-VEGF therapies have shown efficacy in the stabilization or improvement of visual acuity. Nevertheless, although angiogenesis inhibition is likely to change the face of ophthalmology in the next decade, two major challenges remain in the immediate future. The first challenge will be identifying novel molecular targets for developing new drugs. In this context, PlGF, FGF, PDGF and the proteases should be carefully studied. Achieving this might facilitate the optimization of different treatment protocols through a combination of different therapeutic strategies that target angiogenic molecules and/or different cell types involved in the pathological process. The second challenge in the near future will be investigating, in detail, the role of BM-derived cells in CNV. We need to critically evaluate whether a subset of these cells could be targeted to impair CNV, to deliver anti-angiogenic agents or, alternatively, to repopulate the damaged RPE and the neural retina. Therefore, the rational combination of therapeutic strategies will rely on (i) a further understanding of molecular and cellular mechanisms underlying CNV formation, (ii) the precise identification of the mechanisms and effects of each therapeutic agent developed and (iii) the determination of how different approaches can be combined to reduce putative side effects and increase efficacy.
